Abstract. We fit the γ-ray excess from the galactic centre (GC) in terms of parameters of the minimal supersymmetric standard model (MSSM). Consistency with other γ-ray observation, such as those from dwarf spheroidal galaxies, is also ensured, in addition to the constraints from direct dark matter search. Furthermore, we expect the contribution to the relic density from the MSSM dark mater candidate, namely, the lightest neutralino, should not go below the stipulated value; otherwise it will amount to going beyond the MSSM by including some additional dark matter source. After a detailed scan of the parameter space in terms of four representative types of particle spectra, we identify the ones that are best fit to the observed data. However, these two are somewhat unsatisfactory in terms of χ 2 min as well as p-values. In some case(s), the unacceptability of low-χ 2 min regions due to direct search constraint is responsible for this. In others, the observed shape of the γ-ray spectrum makes the fits unsatisfactory. The imposed lower limit on relic density, too, has a role to play all along. On the whole, the conclusion is that the MSSM is not a very satisfactory fit for the GC γ-ray compounded with other cosmological observations and direct search limits.
Introduction
The observation that more than 26% of the energy density of our universe is 'cold dark matter' poses a big challenge to fundamental physics. It is considered very likely, especially in the light of various astrophysical and cosmological observations (for example, gravitational lensing effects around galaxy clusters like the bullet cluster, Big Bang nucleosynthesis, cosmological large-scale structures, the cosmic microwave background radiation), that dark matter (DM) is constituted out of hitherto unknown massive elementary particles [1] . The very existence of any such particle(s) together with its dynamics implies physics beyond the standard model (SM) which otherwise describes so well most aspects of strong, weak and electromagnetic interactions.
The particle interpretation of dark matter has spawned twofold activities. On the one hand, direct DM search experiments are being carried out widely [2] [3] [4] [5] . On the other, various extra-terrestrial signals, in the form of electromagnetic waves at various frequency ranges [6, 7] and also (anti)protons, positrons etc. [8] , are being thoroughly probed for excesses, for which DM annihilation can be responsible. Even in the absence of positive signals, both the above kinds of efforts play a very useful role in constraining or ruling out some among the plethora of theoretical frameworks proposed to accommodate the existence of DM. One of course obtains useful guidance in this respect from the observed relic density of the universe, as revealed by the WMAP and subsequently Planck data [9] . The present work is an attempt in this direction, mainly using extra-terrestrial γ-rays, and stringently applying the relic range and direct search constraints. Our investigation is around a scenario where the minimal supersymmetric standard model (MSSM) is the only source of dark matter.
Supersymmetry (SUSY), a scenario that naturally stabilises the Higgs mass through the postulate of a boson-fermion symmetric action, also offers a dark matter candidate in the form of the lightest SUSY particle (LSP) if baryon number (B) is conserved while lepton number (L) is not violated by odd units. The thus conserved quantum number called Rparity, with R = (−1) (3B+L+2J) , emerges as the Z 2 symmetry lending stability to the LSP, thus making the latter a viable DM candidate. The lightest neutralino (χ 0 1 ) is the most common choice, since the other possibility, namely, a sneutrino (ν), is disfavoured in the MSSM by direct searches. The rest of our discussion pertains to a χ 0 1 LSP. The Large Hadron Collider (LHC) has set lower limits close to or around 2 TeV on strongly interacting superparticles in the MSSM over most of its parameter space. However, the electroweak sector can still in general be considerably lighter, thus retaining the candidature of the χ 0 1 DM. The relic density resulting from it should lie in the range Ωh 2 = 0.1199 ± 0.0022, according to the Planck data [9] . However, when any scenario is to be matched with observation, theoretical errors are non-negligible. Consequently, it has been argued in the context of the MSSM that theoretical estimates yielding relic densities in the range Ωh 2 = 0.12 ± 0.012 may be treated as consistent [10] [11] [12] , once such errors are factored in. One should however note that, once MSSM is accepted as the new physics prevailing at low-energy, there is just one DM candidate, and thus one has to take the lower limit on Ωh 2 as binding. This fact, often ignored, strengthens the constraints on a particular MSSM spectrum, and will be applied in our analysis more stringently than in most recent studies [13] [14] [15] [16] [17] .
It is true that not saturating the relic density does not create an impossible situation for neutralino DM. However, this may mean some new physics beyond MSSM. Alternatively, having a modified cosmological history before BBN is an explanation (see for example [18] ), as is additional ways of entropy injection. However, this again amounts to going beyond standard cosmology. Non-thermal production of neutralino dark matter, on the other hand, could also account for under-abundance [18] when calculated without taking such production into account. Again, this would mean substantial interaction strength of the neutralino DM with hitherto unknown long-lived superheavy fields. This is a pointer in some way to physics beyond MSSM. Thus our contention is that one has to go either beyond MSSM or beyond standard cosmology if the relic density calculated is well below the measured band, even after factoring in all uncertainties. Here we examine the suitability of the MSSM as the source of DM if neither of the above possibilities hold. This, if turned around, would also act as a pointer to the need of non-standard cosmological situation, or of SUSY beyond MSSM.
The pair-annihilation of the neutralino DM leads, among other things, to photons in various frequency bands. Of these, a large volume of data has accumulated in the radio and γ-ray ranges (with some observations of X-ray data as well [7] ), either in the form of actual excess(es) [19] [20] [21] [22] [23] [24] or as upper limits [8, [25] [26] [27] [28] on the flux from some specific source. A systematic and comprehensive way of using them to probe DM scenarios essentially should comprise all or some of the following steps:
1. Identify the free parameters of the theoretical scenario under consideration, and make sure that one stays within their values admissible from terrestrial/accelerator experiments.
2. Scan over the admissible range of these parameters and fit the data on excess in flux.
3. Check during the scan that one is satisfying the upper limits on the flux, for sources where excess is not yet seen.
4. Keep the relic density Ωh 2 within the allowed range, satisfying the upper as well as lower limit, if the scenario under investigation aims to be the only source of cold DM.
5. Check consistency with updated direct search results [2, 3] .
6. Thus identify the allowed region of the parameter space at, say, 95.6% confidence level (C.L.). Take note of the value of χ 2 per degree of freedom (DOF) and find out how good the fit is.
7. Predict the signals corresponding to the best fit region(s) at other frequency ranges for various celestial objects.
It is not, of course, an entirely straightforward process. For example, one needs to factor in all experimental uncertainties as well as the dependence of the emitted flux on DM density profiles. It is also necessary to include possible theoretical errors which effectively modify/expand the allowed limits/range. It has been already mentioned that, though the latest Planck results require one to stay within Ωh 2 = 0.1199 ± 0.0022 at, say, the 1σ level, the calculation of Ωh 2 in the MSSM has theoretical uncertainties [10] . Thus a bigger margin needs to be treated as 'allowed' in a realistic estimate, where we try to be as conservative and accommodative of various uncertainties as possible, keeping in mind what has been said above in connection with the relic density lower limit. Furthermore, there may be issues to address in the implementation and interpretation of step 6 above, especially when the fit is not so good, as will be discussed in detail later.
As the title of this paper shows, we primarily focus on γ-ray data. The excess from our galactic centre (GC) has been a central point in such analysis. This excess is inferred from the observations carried out using the Fermi Large Area Telescope which seem to imply that the GC region emits γ-rays more than what is expected from existing models of the diffuse emission and catalogues of known astrophysical sources [21] . The origin of this excess is still unknown.
There are astrophysical explanations where the excess is believed to be arising from, for example, an unresolved population of millisecond pulsars (MSPs) [29] [30] [31] [32] [33] or cosmic ray particles injected near the GC region about ∼ 10 6 years back [34, 35] . Among these, the explanation based on the MSPs has been studied in great detail in the literature mainly because the spectral shape of the excess has been found to be consistent with the spectra of MSPs [36] . In addition, since the GC region has a high density, it is an ideal location for hosting star formation activities which in turn can lead to MSP formation [37] . However, there exist arguments based on the observed population of bright low-mass X-ray binaries which claim that the unresolved MSPs in the GC region can at best account for only ∼ 5% of the excess [38, 39] . Given that there are uncertainties in the astrophysical explanations of the excess, it has been suggested that the GCE is a direct result of annihilation of the dark matter particles [20, 21, 40, 41] . The resolution of this issue will undoubtedly depend on more observations of the GC expected in the future. With this caveat, it may make sense to study explanations based on dark matter annihilation, even when one does not feel fully committed to it. This is especially useful keeping its particle physics explanations is mind.
In addition, we take into account the observation of γ-ray signals from dwarf spheroidal galaxies. Of these, an excess over backgrounds was reported earlier for Reticulum II some time ago [24] , when the so-called Pass 7 data were used. Subsequent analyses, using the Pass 8 data, found no such excess but instead bib-by-bin upper limits on the γ-ray energy distribution [25, 26] , which was matching well with similar limits in the case of other dwarf spheroidal galaxies.
Several earlier studies have concentrated on finding the region of the MSSM parameter space taking the GC excess alone, together with relic density upper limits and collider constraints [13] [14] [15] [16] [17] . Side by side, investigations have been carried out to find the best fit for the GC excess and the Pass 7 claim [42] , thereby pointing towards the optimum DM profile encapsulated in the J-factor that determines the flux. It has however been assumed there that the Reticulum II excess is real, something that has been contradicted by the Pass 8 data released later [25, 26] . At the same time, attempts have been made to simultaneously fit the radio synchrotron data from the Coma cluster and the Reticulum II excess as per the Pass 7 claim [43] . It has also been shown that they can be fitted consistently with the γ-ray data from M31, if one confines the fit to the energy range 1 -12 GeV, where the errors are not inordinately large [44] . In addition, the thermal average σv , where σ is the DM pair-annihilation cross-section and v, the relative velocity of the annihilating pair, has been treated just as a free parameter [43] , extracted by demanding saturation of the observed radio data for a particular DM mass. Such an analysis, also done in several other related works [8] , raises some questions, since the annihilation cross-section involves details of the MSSM spectrum and the resulting dynamics, where consistency with all existing constraints needs to be ensured. To demand specific values of σv for any DM mass, therefore, may not always be justified. Finally, while most investigations of the above kind have applied the upper limit of the relic density stringently, the lower limit has not been used in an equally serious manner. This allows cases where the MSSM DM (the lightest neutralino in all such studies) may 'underclose' the universe, something that necessitates other DM candidates and takes us beyond a scenario where the MSSM is the only new physics around, and just above, the TeV scale.
In this backdrop, the study presented here has the following distinctive features:
• We carry out a Markov Chain Monte Carlo (MCMC) based maximum likelihood analysis of the GC excess, constrained by the Pass 8 upper limits [25, 26] . The 95.6 % C.L. region is identified. The results are consistent with the M31 γ-ray data [44] as well.
• The lower limit on the relic density is used as a constraint as stringent as the upper limit, modulo theoretical uncertainties. This alone keeps one within a 'strictly MSSM' explanation of dark matter.
• The latest constraints from colliders as well as low-energy experiments are used in identifying the allowed regions of the MSSM parameter space.
• Each of four different kinds of MSSM spectra is used for identification of the 95.6% C.L. This includes the co-annihilation region, in which the dominant mode of DM annihilation during the freeze-out process need not be the same as that at the GC, a dwarf galaxy or a galactic cluster.
• The updated direct search constraints, as obtained from LUX as well as XENON1T [2] , are used. Regions that do not satisfy these constraints are left out during the likelihood analysis itself.
While the results presented here are mostly based on the above kind of fit, we also compare it with another approach, where the likelihood analysis is carried out with the GC, Reticulum II, M31 and accelerator data/limits, over and above the relic density constraints. The 95.6%C.L. region thus obtained is then subjected to direct search constraints. We have shown in a recent work that most of the above region then becomes disallowed for MSSM spectra which otherwise yield the most favourable fits to extra-terrestrial data [45] . In this paper, we extend the analysis presented in [45] by including the details of various steps used in the calculations. Contrasting this with the correspondingly complementary fits of the Higgs boson mass [46, 47] , involving electroweak precision data and collider searches, one is guided to the conclusion that the MSSM is perhaps not a good fit for all data connected with dark matter.
In section 2, we outline the procedure of obtaining the γ-ray flux from the annihilation cross-section for DM particles. The overall scheme of our analysis, including the constraints applied, benchmark spectra and the method of obtaining the fits, is summarised in section 3. Section 4 contains a detailed discussions of our results. In section 5 we comment on the implications of our analysis based on γ-ray observations for radio synchrotron flux from the Coma cluster. A further set of remarks arising out of our investigation, questioning the appropriateness of the MSSM as a candidate DM scenario in the light of the γ-ray data, are incorporated in section 6. We summarise and conclude in section 7.
2 γ-rays from galactic centre and Reticulum II As has been mentioned in the introduction, the main astronomical inputs in our analysis come from γ-ray data from the GC [20, 21] as well as the dwarf spheroidal galaxy Reticulum II [24] [25] [26] . 1 For any source, the γ-ray flux due to DM annihilation (in units of GeV −1 cm −2 s −1 ) at photon energy E is given by [20, 27, 48] 
where σv is the velocity averaged annihilation rate of DM particles to SM particles at zero temperature [6] . m χ is the DM particle mass.
dNγ dE denotes the photon energy distribution per annihilation. The DM density squared is integrated along the line-of-sight (ds) as well as the solid angle (dΩ), assuming azimuthal symmetry and denoting by θ the angular distance with respect to the direction of the centre of the source. Azimuthal symmetry enables us to express the DM density as ρ = ρ 2 (r(s, θ). When one is considering the flux per steradian, one further divides by dΩ, over the angular width of the source, which defines the region of interest (ROI). Finally, the distance along the line of sight (s) is related to the angle θ and the distance r from the central point of the source, by [20, 49] 
where r 0 is the distance of the observer from the centre of the source. (When the GC is observed, r 0 = r , the distance of the sun from centre of the galaxy.) For GC, we have used a general Navarro-Frenk-White (NFW) profile with slope γ [40] :
the slope γ and the 'scale radius' r s being free parameters [50] . The normalisation ρ 0 is determined by setting ρ = ρ at the position of sun r . The J-factor, defined as
is a measure of the total mass of annihilating DM along the line-of-sight in any direction. One further defines J av , the angular average of J as [48, 49] 
so that the flux per unit solid angle is expressed as
The average J-factor for GC is routinely calculated over the ROI 2 • < |b| < 20 • and |l| < 20 • [16, 20, 40] , where b and l are respectively the galactic latitude and longitude. The best fit J-factor, as obtained from galactic rotation curve data [50] , corresponds to the profile parameters γ = 1.26, r s = 20 Kpc, ρ = 0.4 GeVcm −3 [51, 52] . In Table 1 , we present the best fit value of J-factor for GC with 2σ uncertainty. In our analysis we have used the 2σ maximum value for the J-factor, since this leads to the most optimistic fit of the GC γ-ray excess in terms of MSSM. [15, 53] In Fig. 1 we have shown the γ-ray excess spectrum from the Fermi Large Area Telescope (Fermi-LAT) observations, together with systematic and statistical uncertainties, corresponding to the aforementioned ROI [20, 21] . The statistical uncertainties for different bins are mutually uncorrelated. The systematics include instrumental uncertainties as well as those in background modeling, the latter having correlation among various energy bins and thus introducing additional diagonal and off-diagonal entries in the covariance matrix. Fig. 1 takes into account the diagonal entries. The off-diagonal entries have been included in the likelihood analyses presented later. The analysis takes further note of theoretical uncertainties in the flux estimate, coming mainly from the fragmentation functions that determine production rates for pions and other sources of γ-ray photons. In our subsequent analysis, this uncertainty is taken to be 10%, following earlier works [14, 17] . For calculating the γ-ray flux for Reticulum II, we use the value of the 'total' J-factor, defined as J tot = J(θ)dΩ, found from the Jeans analysis [54] . The value used is J tot = 10 19.6 GeV 2 .cm −5 , obtained on integration over the ROI ∆Ω = 2.4 × 10 −4 sr corresponds to the angular radius 0.5 • .
Till very recently, excess in the 1 -10 GeV range was claimed by observations using the so-called Pass 7 data from Reticulum II [24] . Beyond about 10 GeV, the error is too large for any meaningful fit. While such announcements generated considerable activity towards fitting such excess in terms of DM models including the MSSM [8, 42] , the later analyses, in terms of the Pass 8 data, disavowed such claims [25, 26] . Upper limits on the flux in the aforesaid range continued to exist, side by side with comparable limits from other dwarf [25, 26] .
spheroidal galaxies. Fig. 2 shows the γ-ray excess upper-limit according to the Pass 8 data. In our subsequent fits, carried out for the GC excess, consistency with the upper limits from Reticulum II Pass 8 data is ensured throughout. 2 
Scheme of analysis

Constraints on the MSSM parameter space
In order to examine the candidature of the lightest neutralino (χ 0 1 ) as DM constituent, one has to scan over a reasonable region of the MSSM parameter space, spanned by quantities which can have a bearing on signals related to its annihilation, direct detection etc. The MSSM spectrum has been generated using SuSpect 2.41 [56] . The viability of the region thus examined depend on consistency with the following issues.
• Higgs mass:
As per observation, we almost certainly have a spin-zero neutral object with mass close to 125 GeV [57, 58] . Keeping this in mind, we have confined ourselves to those regions which yield the mass of lightest neutral scalar h in the range 122 GeV ≤ m h ≤ 128 GeV. This is conservative range, accounting for theoretical uncertainties [59] .
• Constraints from accelerator data:
The LEP lower limit on the lighter chargino (χ ± 1 ) [60, 61] has been used to start with. Furthermore, consistency with Higgs search results at LEP leads to allowed regions in the µ − M 2 space [62] , where µ and M 2 are the Higgsino mass parameter and the SUSY-breaking SU (2) gaugino mass parameter respectively. We have only scanned regions that are consistent with this constraint. The masses of sleptons are similarly constrained by LEP [63] . Thus, while a part of our analysis holds all sleptons at high values, we have also included the light-τ 1 scenario which may lead to co-annihilation of the DM candidate. LHC data impose model-independent lower bounds most markedly on strongly interacting superparticles. Taking these into account, we have kept the gluino and first two family squark masses above 2 TeV [64] [65] [66] [67] , and chosen benchmark values accordingly. In any case, the snapshot values thus used do not affect DM-related issues significantly. An exception is the stop mass(es), which can be as low as 150 GeV according to the current data [65, 68, 69] . Consistently with this, and also with the observed Higgs mass, we have included sample scenarios where one of the stops is lighter than the rest of the strongly interacting superparticles, but not so light as to reduce the relic density below admissible limits.
Light sbottom scenarios, on the other hand, mostly require the χ 0 1 mass to be at least about 350 GeV [65, 70] . However, this shifts astrophysical γ-ray peaks to higher frequency regions than what is, for example, observed from the galactic centre. Therefore, such a scenario is not taken account here.
In addition, low-energy and flavour constraints have been followed at the level of spectrum generation. This includes the contributions to rare B-decays, muon anomalous magnetic moment etc.
• Relic density constraint
The Planck observations suggest that the relic density lies in the range [9] Ωh 2 = 0.1199 ± 0.0022 (3.1) Accordingly, the contribution from the χ 0 1 DM candidate can be computed and compared, for which we have used the package micrOMEGAs 4.3.1 [71, 72] .
However, there are also theoretical uncertainties, typically on the order of 10%, in computing the MSSM DM relic density, which is approximately six times the uncertainty in the observed data [10] [11] [12] . The main source of the former is strong corrections to the annihilation rate, where the dependence on the renormalisation and factorisation scales can be significant. Accordingly, a larger window of the computed value of Ωh 2 may be taken as 'allowed', leading to the range Ωh 2 = 0.12 ± 0.012.
Most recent studies have treated only the upper limit on the relic density as a serious constraint. However, when one is examining the viability of the MSSM, it makes sense to assume that the χ 0 1 the only DM candidate, and that there is no additional new physics around the SUSY breaking scale. Regions of the parameter space that leads to values of Ωh 2 considerably smaller than 0.108 are therefore difficult to accept as consistent with the MSSM. We find that this requirement worsens the status of the MSSM as a fit to the γ-ray observations.
• The co-annihilation region
As has been mentioned above, one may have a phenomenologically consistent MSSM spectrum with, for example, the lighter stau [73] close in mass to the lightest neutralino.
This leads to the well-studied co-annihilation region so long as the mass difference is within 4% [72] .
In our context, when one is in the co-annihilation region, the dominant channel of DM annihilation, which leads to its freeze-out, is different from the pair-annihilation channels which give rise to astrophysical γ-rays. Therefore, the relic density constraint used in the fit of the γ-ray data becomes different for such regions. This difference has not been taken into account in erstwhile studies. We have, therefore, separately included co-annihilation regions with the associated relic density constraints in our analysis.
• Direct search constraints The most stringent limits on the spin-independent cross-section of χ 0 1 -nucleon scattering can be derived from the XENON1T results [2] . In most of what follows, regions of the parameter space scanned to fit the γ-ray data have been filtered through this constraint. As before, micrOMEGAs 4.3.1 with most parameters at default values has been used to compute the spin-independent cross-sections.
Later in the paper, we have taken the following approach, too: the best-fit regions from the analysis of γ-ray signals/limits from the GC and also dwarf spheroidal galaxies have been obtained without any bias from direct search experiments. The 95.6% C..L. regions have then been subjected to the constraints by the XENON1T data. We interpret the difference of the two kinds of results in section 6
Benchmarks
As has been stated above, we have fixed the strongly interacting superparticle masses (except that of the stop) at values above 2 TeV. The masses of sleptons in the first two families are similarly fixed [74] . Keeping with the regions that reproduce the lighter neutral scalar mass in the right band, we have varied the following quantities as free parameters:
where M 1 and M 2 are the U (1) and SU (2) gaugino masses, µ is the Higgsino mass parameter and m A is the neutral pseudoscalar mass. tan β, the ratio of the vacuum expectation values (vev) of the two Higgs doublets, have been fixed at 'snapshot values' 5, 20 and 50. The remaining electroweak parameters, it has been checked, do not affect our conclusions significantly.
Four representative MSSM spectra have been considered, which broadly capture various features of DM annihilation, be it in γ-ray sources or in the early universe. These are 1. All squarks and sleptons above 2 TeV. We call this the heavy squark and slepton (HSS) scenario.
2. Only the lighter stop with a lower mass (≈ 300 GeV), consistently with the Higgs mass and the admissible relic density band. This is the light stop (LST) scenario.
3. Only the lighter stau close enough to the neutralino dark matter candidate, so as to cause co-annihilation 3 . This is called the stau co-annihilation (STC) scenario.
4. The lighter stop with low mass and also a stau in the co-annihilation region. We call this the light stop and stau co-annihilation (LSTSTC) scenario.
The four free parameters mentioned above have been varied over the following ranges: -1000 GeV < M 1 < 1500 GeV, -1000 GeV < M 2 < 1500 GeV, -1000 GeV < µ < 1500 GeV. Depending on the LHC constraints we varied m A in the range 350 GeV -4000 GeV for tan β = 5, 450 GeV -4000 GeV for tan β = 20, 850 GeV -4000 GeV for tan β = 50 [75, 76] .
In Table 2 , we list the benchmark values for the fixed parameters for the various scenarios listed above. Most of the entries can be justified from the above discussion. In the case of the stop, the SUSY-breaking mass parameters for the SU (2) doublet and singlet components have been separately shown, since they have a bearing of the lighter neutral scalar mass. The corresponding mass eigenstates have been appropriately used, since they are relevant for the tt annihilation channel in the LST and LSTSTC scenarios. The trilinear SUSY-breaking parameter A t is fixed at such values as to correctly reproduce the observed Higgs mass, but ensuring consistency with a charge-and color-preserving vacuum, and a potential bounded from below. Lower values of A t necessitate larger µ or stop mass parameters, which, for these two scenarios, worsen the fits to the γ-ray data, thereby reducing the regions of good MSSM fit. 
Methodology
We go in the following steps in our analysis:
3 In principle, there can also be a region answering to co-annihilation of the χ . This region is included in all the scenarios under consideration, since M1, M2 and µ are varied continuously, including regions where one of them is close to another.
1. For each of the four scenarios listed in the previous section, we scan over the free parameters, holding the others at their benchmark values as listed in Table 2 .
We implement a Markov Chain Monte Carlo (MCMC) technique to estimate the posterior distribution of our model parameters. We use a publicly available affine-invariant MCMC code EMCEE (Foreman-Mackey et al. 2012) [77] , which has considerable performance advantage over other standard MCMC sampling algorithms (Goodman & Weare 2010).
We start with an ensemble of random walkers (N walker ), each with a chain length of N step , scanning over the model parameter space in their aforementioned ranges.
As each walker progresses through the available parameter space, we compute the new posterior probability density and compare it with the old one. Based on their acceptance ratio, the Markov chains gradually converge to a stationary distribution with highest probability (i.e. minimum χ 2 ). The mean and corresponding uncertainty of each parameter are finally computed from the posterior distribution. To ensure the convergence of the chain, we have used N walker = 400 and N step = 1000 − 2000 i.e. a total of 400000 − 800000 independent samplings, which is large enough considering the usual mean autocorrelation time.
2. Each point in the parameter space scanned is subjected to the constraints from accelerator experiments, relic density (both lower and upper limits) and direct searches, as discussed above.
3. A likelihood analysis is carried out using the GC excess, consistently with the Reticulum II Pass 8 limits. The likelihood function used in our analyses is given by L ∝ exp(−χ 2 /2). The expression for χ 2 is
where φ i and is the observed flux from GC, φ i being the corresponding calculated γ-ray flux. For GC, the indices i, j denote the energy bin numbers that run from 1 to 24. Once more, the calculation of φ i has been done in micrOMEGAs 4.3.1, interpolating the numerical results contained in files generated from Pythia [78] .
The covariance matrix Σ which has a non-diagonal nature in the case of GC excess 4 , is defined as (following eq.5.2 and corresponding description in [20] )
As defined in [20] , Σ emperical ij is the covariance matrix for empirical model systematics and σ stat i is the statistical error. We have used [55] for obtaining the covariance matrices, statistical errors and the excess data. The entries in Σ empirical ij , diagonal as well as nondiagonal, arise due the correlation among excesses in different bins, induced in the process of background elimination. Following the argument of [14] , we have also added a theoretical uncertainty at the level of σ = 10% (last part of eq. 3.3).
As has been already mentioned, only the upper limits on the flux from Reticulum II following the Pass 8 data [25, 26] are used to constrain regions in the MSSM parameter space. In addition, the consistency with the M31 data [43] is ensured, especially in the frequency range mentioned in the introduction. We also check that the upper limits on the flux from the other dwarf spheroidal galaxies are satisfied. The last-mentioned constraint is not in general difficult to satisfy in our treatment of the Reticulum data, as the J-factor in each such case is smaller than that for Reticulum II [26] .
4. The aforementioned procedure yields not only the best-fit value of each of our free parameters, but also the 95.6% C.L. region in the hyperspace spanned by them. From this one obtains various two-parameter marginalised plots, for the basic parameters as well as derived quantities such as physical masses.
5. The overall frequency distributions corresponding to our 95.6% C.L. bands are compared with the observed GC excess distribution. A comparison with the constraints from Reticulum II is also made.
Finally, we compare the above results with the alternative analysis as outlined at the section 6.
Results
we now present the results of our analyses for the various benchmark scenarios listed in (Table  2 ). All Higgs and MSSM particle masses, widths, cross sections etc. have been calculated at the one-loop level. While most relevant parameters are scanned over, the benchmark spectra correspond to 'snapshot values' of tan β, so that the results have a generic nature, representative of all relevant kinds of MSSM spectra that can have distinctive roles in DM annihilation. The values of χ 2 per degree of freedom for all the benchmarks have been shown in Table 3 .
Case 1: HSS
This is the scenario where all sleptons and squarks masses have high values (> 2 TeV). 5 Case 1a: Among all the scenarios sampled, this case fits the GC excess spectrum best. The best-fit point corresponds to M 1 = −108.75, M 2 = 1115.85, µ = 110.30, m A = 451.92, with χ 2 min = 51.3 for DOF = 24. The 2D projection of the 1σ and 2σ contour plots in the parameter hyperspace, corresponding to the fit to the GC flux constrained by Reticulum II data, are shown in Fig. 3 . This yields marginalised plots in various pairs of parameters, as will also be seen in the cases to follow. Here M 2 is less tightly constrained. The area thus marked out yields the lightest neutralino mass (m χ 0 1 ) in the range 83 -88 GeV, and it is largely Bino, with some Higssino admixture. In any case, since we are imposing the direct DM search constraint, the lightest neutralino cannot have a very large Higgsino component. The dominant channel of annihilation in this case is mainly W + W − , along with a small but perceptible branching fraction for bb. For tanβ = 20, the LHC lower limit on m A is about 450 GeV. The favoured range emerging from our 2σ fit is m A 450 -560 GeV. This basically weakens the resonant annihilation channel into third family fermion pairs, namely, χ 0 1 χ 0 1 → f f , for low neutralino masses, as required for matching the GC γ-ray spectrum.
The limit on m A for tan β = 5 is lower, but the bb coupling is weaker when m h is fixed at the observed value. For tan β = 50, the corresponding limit goes up to 850 GeV.
The annihilation in the W + W − channel is facilitated for such spectrum by the fact that χ ± 1 , the lighter chargino has a substantial Higgsino component, since µ is on the smaller side. The close proximity of µ and M 1 , while complying with the lowers limits on the chargino mass, enhances the t-and u-channels of annihilation, which interfere constructively. However, in the context of the early universe, a boost in such annihilation rate implies correspondingly high σv , averaged thermally. The lower bound on the relic density, modulo the aforementioned uncertainties, therefore restricts the annihilation rate. This cannot be ameliorated by higher neutralino and chargino masses, since that shifts the peak of the GC γ-ray distribution to relatively high frequencies where the observed rate is exceeded. A strict adherence to the lower limit on the relic density (as one must do if the MSSM is the only new physics) thus implies that, with the required low m χ 0 1 , one cannot achieve as much DM annihilation rate as is required to fully explain the GC γ-ray excess with the observed frequency distribution. In Fig. 3 we have presented the 2σ band of the predicted GC excess spectrum along with the data points 6 . We re-iterate that the band does not give sufficient saturation to the data as σv is constrained by the relic density lower bound. Fig. 3 shows the Reticulum II γ-ray spectrum for the best-fit model in this case, where consistency with the Pass 8 limits is obvious.
Case 1b: The fits for this case yield χ 2 min = 65.1, with the same DOF as in the previous case. The best-fit point corresponds to M 1 = −97.56, M 2 = −106.45, µ = −341.44, m A = 3973.12. Once more, the dominant channel of annihilation in this case is χ 0 1 χ 0 1 → W + W − . The 2σ contour plots corresponding to the fitting of GC flux excess and Reticulum II upper limits is shown in Fig. 4 . The range of neutralino mass in the 2σ contours for this case comes out to be in the range 90 -108 GeV. The relatively low best-fit value of M 2 and a somewhat higher µ leads to a χ 0 1 that is mostly Bino, with a smaller admixture of Wino. For tanβ = 50, as used here, m A comes out to be in the range 2500 -4000 GeV. This, together with the negligible Higgsino component in χ 0 1 , seals the fate of the resonant annihilation channel and thus prevents the relic density from becoming too low. On the other hand, the small mass difference between χ ± 1 and χ 0 1 once more drives the W + W − channel. Fig. 4 shows the 2σ band of the GC excess spectrum drawn as earlier. As already discussed for the previous case, the lower limit on the relic density in conjunction with the position of the peak of the GC spectrum restricts the quality of the fit for MSSM. The conclusion is similar for the other benchmark scenarios discussed below, and we do not repeat this statement for these cases.
Case 1c: One obtains χ 2 min = 65.2 for this case, reflecting the fact that both this case and the previous one yield worse fits compared to Case 1a. The combination of parameters corresponding to the best fit are M 1 = 98.85, M 2 = 107.87, µ = 578.89, m A = 3798.42, and the major annihilation channel once more is W + W − . Fig. 5 contains the 2σ contour plots for this case. At 95.6% C.L., the neutralino mass lies in the range 90 -105 GeV and is composed of Bino and Wino as above. Here one ends up with a high-mass m A which is in the range 800 -4000 GeV. Once more, the 2σ band of the GC excess spectrum and the best fit Reticulum II spectrum predicion for the best-fit model are shown in Fig. 5 . In this case, too, the lower limit on the relic density restricts large σv and low m χ , so that the GC γ-ray data cannot fitted in a completely satisfactory manner. Bottom left: 2σ bands of GC excess spectrum (light blue region) correspond to this case along with Fermi-LAT GC excess data and error bars (diagonal part of the covariance matrix). Deep blue line is the spectrum for best-fit points. Bottom right: Reticulum II γ-ray spectrum for the best-fit point (blue curve) along with the upper-limit on flux from Pass 8 analysis.
Case 2: LST
In this scenario we have set the right-chiral stop mass parameter mt R at 300 GeV and retained other squarks and sleptons above 2 TeV. The latter choice, as has been mentioned already, is not seen to affect the fits appreciably. The bigger mass parameters (including the A-parameters corresponding to the trilinear soft SUSY breaking terms) are varied in such a way as to reproduce the lighter neutral scalar mass in the appropriate band. This keeps the lighter stop around ∼ 260 -300 GeV for all benchmark points. For higher values of the lighter stop mass eigenstate than 300 GeV, the existing collider constraints would force us to a heavier χ 0 1 [65, 68, 69] and as a result the fitting of γ-ray data would be worse. Values lower than 260 GeV for mt R , on the other hand, can create problems with the Higgs mass when one tries to maintain consistency with other constraints on MSSM spectra.
In principle, it may be curious to check the implications of scenarios with other third family sfermions like the sbottom or the stau as well. For a light sbottom, however, the lower limit on the lightest neutralino is higher than in the case of a light stop [65, 70] , thus worsening the GC γ-ray fits. The case of a light stau can make a noticeable difference only when it is close enough to the χ 0 1 to co-annihilate, a case that has been reported separately below.
As in the HSS scenario, here, too, we shall consider the results with three snapshot values of tan β. However, we begin by pointing out a few salient features that are common to all three cases.
• The candidature of a light stop in our context thrives on the tt channel of annihilation.
The subprocesses include the pseudoscalar-mediated s-channel diagram as well as the stop-mediated t-and u-channel ones.
• The ttA couping is proportional to cot β, thus making the s-channel dominate in the annihilation process for tan β = 5. As for the top-stop-χ 0 1 interaction, tan β enters in two ways: via the coupling to the Higgsino component, and through the neutralino mass matrix itself. The final results are related to all of these factors, and also to the fact that the t-and u-channels interfere destructively.
• In order to annihilate into a top-antitop pair, one requires m χ 0 1 ≥ 175 GeV approximately, a requirement that comes from the LHC constraints on the m χ 0 1 − mt 1 plane [65, 68, 69] . However, this inevitably tends to shift the peak of the GC γ-ray spectrum to the region of higher frequency than where the observed peak lies. This, together with the limit on upward scaling of the profile coming from the requirement of a minimum relic density, poses a challenge to good fits of all data in the light stop scenario.
Case 2a: For this case, the best fit point corresponds to M 1 = 195.32, M 2 = −205.55, µ = 464.85, m A = 617.18, with χ 2 min = 65.7 for DOF = 24, and the DM mass in the range 180 -260 GeV at 95.6% C.L. The aforementioned trend of upward movement of the GC γ-ray peak in the LST scenario causes more mismatch with data if σv goes to the higher side. This favours values of m A which are always above 600 GeV.
As before, Fig. 6 demonstrates the viability of the preferred regions with respect to the GC excess spectrum and the observations on Reticulum II.
Case 2b: This is the second best case (after Case 1a) for fitting the GC excess, with χ 2 min = 61.2. The best fit point corresponds to M 1 = −185.52, M 2 = 213.8, µ = 292.79, m A = 1769.64, the lightest neutralino mass being in the range 178 -205 GeV at 95.6% C.L. Fig.  7 includes the 2σ contour plots. This is a situation where the s-channel annihilation diagram is least significant. This is also because the favoured values of m A are high for tan β = 50.
The contribution to annihilation comes from stop mediated t-channel annihilation, yielding also a relic density in the right range. Our earlier observations related to the GC spectrum contour plots for this case. For this value of tan β, m A can be as low as 350 GeV. However, the fact that m χ 0 1 must be at least equal to m t pushes the lowest value of m A so close to resonance that the annihilation rate overshoots the upper limit imposed by the requirement of a minimum relic density. In addition, this also leads to the previously mentioned problem in fitting the GC γ-ray spectrum. Thus the 2σ minimum in the marginalised plot involving m A does not go below m A = 400 GeV approximately. Figs. 8, drawn as before, are self-explanatory.
Case 3: STC
We consider next the stau co-annihilation region, where the lighter stau and lightest neutralino masses are within 3% of each other. All other slepton and squark masses are set at values (> 2 TeV). The existing lower limits on the stau mass from the LEP and LHC data [73] have been respected throughout our analysis. Obviously, the χ 0 1 mass, too, get constrained in a correlated fashion. We remind the reader here that such co-annihilation regions bring in additional angles when it comes to the neutralino freeze-out process, and thus may cause modification in the relic density constraints. However, the DM annihilation process in the GC, dwarf spheroidal galaxies or even galactic clusters is solely of the form χ 0 1 χ 0 1 → XX, as the co-annihilation partner is not available there.
In principle, one can also think of MSSM spectra with the χ ± 1 or the lighter stop/sbottom as the co-annihilation partner of the χ 0 1 . Of these, the possibility of coannhilation with χ
is implicitly included in all of our scans. With stop co-annihilation, only a limited region in the LST scenario, already included in our analysis, can be effective. However, as we have already observed, these almost always require the neutralino to be of such mass where the γ-ray distribution become peaked at somewhat high values compared to what is indicated by the data. This problem is more pronounced for sbottom co-annihilation, since the sbottom mass has still higher bounds, as has been mentioned above. A feature of the STC scenario is that the χ 0 1 pair-annihilation cross section can have a more substantial branching fraction in the τ + τ − final state, driven by either the A 0 in s-channel or the lighter stau in the t/u-channel . The γ-ray energy spectrum is affected accordingly.
The fits obtained for the three regions corresponding to STC are in fact worse than those for both HSS and LST. This is because of a two-fold constraint applicable here. Firstly, coannihilation tends to lower the relic density below the stipulated lower limit. Therefore, if the MSSM has to account for all dark matter, it is imperative to keep the contribution to σv in the freeze-out process (as opposed to annihilation within stellar objects) within limits. One is thus forced to go to higher mass regions (as can be seen from [79] ) for the χ 0 1 −τ 1 duo, leading again to the undesirable consequence of the γ-ray peak shifting towards high frequencies.
Case 3a: As mentioned already, this case gives a poor fit to the GC excess compared to the previous cases, yielding χ 2 min = 85. is in the range 220 -285 GeV at 95.6% C.L. In order to offset the downward pull on the relic density due to co-annihilation, one requires the lightest neutralino to be more massive [79] than in any of the previous cases. The dominant channel of annihilation of DM pairs in GC/Reticulum II is tt and τ τ , mediated by the pseudoscalar Higgs. The high mass of the χ 0 1 will shift the peak to high-frequency regions, and it is only through a sufficiently reduced (co)-annihilation rate that one can be saved from exceeding the observed limits there. The profile, however, will display a clear 
−m A (middle right) for Case 3b. Solid gray lines indicate the best fit values. Bottom left: 2σ bands of GC excess spectrum (light blue region) correspond to this case along with Fermi-LAT GC excess data and error bars (diagonal part of the covariance matrix). Deep blue line is the spectrum for best-fit points. Bottom right: Reticulum II γ-ray spectrum for the best-fit point (blue curve) along with the upper-limit on flux from Pass 8 analysis.
Reticulum II spectrum are presented in Fig. 9 . As earlier, the GC best fit corresponds to practically no Reticulum excess and thus comply with the Pass 8 upper limits. 
−m A (middle right) for Case 3c. Solid gray lines indicate the best fit values. Bottom left: 2σ bands of GC excess spectrum (light blue region) correspond to this case along with Fermi-LAT GC excess data and error bars (diagonal part of the covariance matrix). Deep blue line is the spectrum for best-fit points. Bottom right: Reticulum II γ-ray spectrum for the best-fit point (blue curve) along with the upper-limit on flux from Pass 8 analysis.
Cases 3b and 3c lead to very similar conclusions. For Case 3b, with tan β= 50, the τ + τ − annihilation channel rises above tt. The various plots can be seen in Figs. 10 and 11.
Case 4: LSTSTC
This scenario has the stau co-annihilation region buttressed with one light stop. Most observations here are similar to those made for the STC scenario. However, the requirements brought in by stau co-annihilation during freeze-out tend to jack up m χ 0 1 , with the additional prospect of making it close to the light stop mass. This makes the latter an additional coannihilation partner for the DM candidate, threatening one with too fast an annihilation rate, and a consequent violation of the lower limit on the relic density. As a result, the parameter space consistent with all constraints shrinks in size, The σ contours have to emerge out of whatever is left after eliminating the regions ruled out by the above consideration. Together with the problems arising in the GC spectrum fit, this yields fits at least as bad as those in the previous scenario.
For tan β= 5 and 20, the tt channel dominates in DM annihilation in the GC as well as dwarf spheroidal galaxies. The tau-pair final state is more competitive for tan β= 50, where, however, the fit is far too wayward to present here. The relevant plots are shown in Figs. 12 and 13. We also list in Table 3 the values of χ 2 /DOF for all the cases discussed above.
The above discussion elicits the following points. First, the viability of any type of MSSM spectrum is crucially governed by the lower bound on the relic density together with the shape of the GC γ-ray spectrum, together with the latest direct search results. Once the constraints from the above are adhered to, observations related to Reticulum II do not restrict any scenario significantly. And lastly, even the best of all the fits to MSSM listed above lead to somewhat poor χ 2 /DOF. More will be said on this in section 6. Bottom left: 2σ bands of GC excess spectrum (light blue region) correspond to this case along with Fermi-LAT GC excess data and error bars (diagonal part of the covariance matrix). Deep blue line is the spectrum for best-fit points. Bottom right: Reticulum II γ-ray spectrum for the best-fit point (blue curve) along with the upper-limit on flux from Pass 8 analysis.
5 Radio signal from Coma cluster DM annihilation inside the galaxies and galaxy clusters can produce high-energy secondary charged particles (mostly electron and positron) in the final state. Upon interaction with the ambient magnetic field, these relativistic particles produce synchrotron radiation which can lead to radio signals [80] [81] [82] . One example of these is the Coma cluster, which has been extensively observed in various frequency ranges [6, 8] . In this section, we compute the radio signal for the DM models we have studied in the earlier sections and compare with the observational data. Note that the comparison with the radio data carried out here does not have any consequences for the constraints obtained on the MSSM parameter space. The radio data points used in these studies have been obtained from [23] .
Multi-frequency fits for radio emission from the Coma cluster, in conjunction with the GC and Reticulum II data, have already been reported in the literature [43] . However, such studies have by and large treated the DM mass (m χ 0 1 ) and σv as independent parameters, adjusting the latter to saturate the radio data from the Coma cluster. The dynamics of neutralino pair-annihilation, to which one is beholden at any point in the MSSM parameter space, is not taken into consideration there.
On the other hand, we have started by fitting the MSSM parameters in details from the GC data where the background is known better. The shape of the γ-ray spectrum is also used in detail.The channels of annihilation and the net σv is computed rather than adjusted for any point in the MSSM parameter space. The phenomenological constraints on MSSM parameters (including the observed Higgs mass), the lower limit on the relic density for MSSM being the only dark matter source, and the direct search constraints on the spectrum are all taken into account. The regions in the parameter space thus available are used to compute the DM annihilation rates and the consequent radio flux from the Coma Cluster.
The synchrotron flux from the Coma cluster depends on the e ± source function [6, 8] :
where σv is the same DM annihilation rate we used previously for γ-ray spectrum calculation (eq. 2.1 and 2.6) and dN e /dE is the number of e ± produced per annihilation per unit energy. The quantity N pairs (r) denotes the number of DM particle pairs per unit volume squared at radial distance r of the halo around the cluster. The quantity depends on the DM density profile of the halo (denoted by ρ(r)) and the contributions from sub-halos distributed inside the main halo [6, 8] . For the calculation of N pairs (r) we follow the steps exactly as described in [6] .
Using the above source function, the full calculation of radio flux density spectrum S(ν) as a function of emitted radio frequency ν is done subsequently, again following [6] and [83] . However, in view of the various uncertainties, we have used two sets of values of the parameters controlling the DM profile, and also the magnetic field, which are described below.
• Model A: In the first case, following reference [6] , we have used the N04 profile, with α = 0.17, and a homogeneous magnetic field of magnitude 1.2 µG.
Here ρ s is the characteristic density of the halo and r s is the cale radius of the profile.
• Model B: We show the difference in prediction by switching over to the NFW profile in the second case, with slope γ = 1 [84] ρ N F W (r) = ρ s ( The scale radius is taken to be the same in both cases [6, 8] . Our code is calibrated by exactly matching the fluxes given in reference [6] . The quantity N pairs (r) (which plays a role similar to the J-factor in eqs. 2.1 and 2.6) is inversely proportional to dark matter mass squared [6] . . Among all the previously described cases, Case 1a, the best from the standpoint of γ-ray data, has the largest
. This case is thus expected to yield the highest radio flux. The constraints in the σv -m χ 0 1 plane obtained from the likelihood analysis for this case is shown in Fig. 14 . We can see that the allowed range in dark matter mass is quite small and has value around ∼ 85 GeV. The annihilation cross section peaks close to 10 −26 cm 3 s −1 , which is significantly smaller than the upper limit inferred from the Reticulum II data.
In Fig. 15 , we have shown the comparison of the observed radio data from Coma cluster [23] with the calculated flux density spectrum (S(ν)) [6, 8] for the best-fit point corresponding to Case 1a (ensuring consistency with M31 data and the Reticulum upper limits), for the two parameter sets discussed above. Figure 15 : Radio flux density spectrum for the Coma cluster for benchmark 1a for two astrophysical parameter sets. The blue dotted and dashed lines, marked as model A and model B, correspond respectively to the N04 and NFW profiles, and the corresponding magnetic fields. The radio data are taken from [23] It is clear that, even with the relative enhancement of the radio flux in the second case (model B), the best fit curve from the γ-ray data accounts for at most 20% of this radio signal for ≈ 5 GHz. The shortfall is considerably more conspicuous for lower frequencies, and also with the first set of model parameters. One possible way of increasing the signal would be to use a higher value of the magnetic field (which in this case turns out to be ∼ 20µG), however, such values would be inconsistent with the Faraday rotation measures [85] .
This, however, is not necessarily an inconsistency, since the conventional astrophysical sources of e ± in the Coma cluster can contribute significantly to the radio emission. There can of course be a difference in conclusions due to a still different choice of parameters in the DM profile. As far as the GC profile is concerned, our adopted choice corresponds to J-values on the high side, the reduction of which results in worsening of the γ-ray spectral fit. On the whole, the viability of any explanation of the Coma cluster radio data in terms of DM annihilation will be better known if one can extract the DM profile and the magnetic field from other observation. Similarly, the observations of astrophysical objects which have high DM content and where the astrophysical processes giving rise to the relativistic e ± are suppressed, are likely to improve one's understanding in this direction.
On the whole, our estimate of the radio synchrotron flux in based on a rigorous consideration of MSSM dynamics. As already stated, there is thus no inconsistency between an m χ 0 1 used and the corresponding σv , both being also consistent with all phenomenological constraints. If at all the γ-ray data are found explicable in terms of the MSSM, the corresponding radio prediction can be tested by (a) extracting the DM profile and magnetic field information independently, and (b) observing other objects such as dwarf spheroidal galaxies where astrophysical backgrounds are expected to be subdued.
Likelihood analyses: comparison with direct search constraints not initially imposed
Let us finally ask ourselves the following question: how satisfactory are the fits (and 2σ regions) reported above from the standpoint of MSSM? For an answer, let us remind ourselves of the situation in the context of the Higgs boson of the standard electroweak model. Before the actual discovery took place, leading to the conclusion m h ≈ 125 GeV, global fits of precision data had yielded m h 95 GeV. This region had been ruled out from direct searches for the Higgs at the Large Electron-Positron (LEP) collider. In addition, Tevatron results further ruled out the region m h ≈ 158 − 174 GeV. However, the region where the particle has actually been detected fell outside the bands forbidden above but well within the 2σ region of the initial fit, sometimes called the 'standard fit'. On the other hand, there has been the so-called 'complete fit' where the direct search constraints have been imposed at the very outset, setting χ 2 to high values in the disallowed/disfavoured regions. The minimum of χ 2 obtained thereby was again within the 2σ region of the standard fit. This implied an overlap between the favoured regions of both kinds of fit, and the particle, with interactions closely resembling the SM Higgs, has been discovered in this overlap region. One may thus conclude that the SM is a good fit for the data on a Higgs boson having a mass of about 125 GeV. The χ 2 min and also p-values (defined as the probability P (χ 2 > χ 2 min )) including the LHC data support such a conclusion [46, 47] . The p-value goes up from 0.21 in the standard fit to 0.23 in the complete fit.
Let us, in comparison, examine the scenario in MSSM that fits the γ-ray data best, which is our Case 1a. When the 'complete fit' in this case is made, the 2σ-contours in the marginalised plots mark out a region of the MSSM parameter space. Let us remember that this fitting procedure imposes the direct search constraints at the beginning. Now, analogously to the Higgs case, one may obtain the 2σ regions about the best fit based on all results excepting those related to direct DM search. This entire region becomes disallowed when subjected to the latest direct search limits, as shown in Fig. 16 . This implies that the favoured regions in the complete fit fall outside the 95% C.L. contours which one obtains via an impartial analysis of the γ-ray data in terms of the MSSM. This can be understood from Table 4 where we present the values of χ 2 min /DOF for both the 'complete fit' and the 'fit without direct search'. The numbers clearly show how χ 2 min deteriorates significantly in the complete fit, while that in the fit without direct search, too, is far from satisfactory. The difference in the values of the χ 2 min for two cases is ∼ 11, which explains why the region allowed in the fit without direct search becomes disallowed when the direct search limits are imposed. We also show the p-values of the two analyses in the same table, where a higher p-value indicates that the corresponding MSSM spectrum provides a better fit to the data. Again, the p-value, being 2 × 10 −2 for the fit without direct search in Case 1a, becomes 1 × 10 −3 for the complete fit. For comparison, we have also shown the corresponding χ 2 min /DOF and the p-values for the two kinds of fit for Case 2b which performs second best among our benchmarks. For this benchmark, the 2σ region from the fit without direct search is largely retained in the complete fit, as shown in Fig. 16 . However, the values of χ 2 min /DOF, similar for the two fits, are around 2.54. The p-values, too, are around 10 −4 for both cases. The main reason behind the unsatisfactory fit is that the neutralino mass required for annihilation the tt channel is so high that the γ-ray peak shifts to hight frequencies. Accordingly, the deficits in the low-frequency bins increase, and, because of the fact that the errors there are small, these bins lead to high values of χ 2 min . MSSM parameters that can offset this by scaling up the annihilation rates lead to the violation of the lower limit on Ωh 2 , something that we interpret as going beyond MSSM. 1 -neucleon spin-independent cross section as a function of χ 0 1 mass. 2σ upper limit on the cross section from XENON1T experiment has been shown by green dashed line. The blue region corresponds to the MSSM parameter space at 95.6% C.L. for the case shown in Fig. 3 (Case 1a in complete analysis). The red area is corresponds to the 95.6% C.L. region of parameter space for Case 1a in 'fit without direct search' analysis. Right: same for Case 2b.
The candidatures of the remaining benchmarks are distinctly worse. All these observations indicate that the MSSM, with the lightest neutralino as the only source of cold dark matter in our universe, is a rather unsatisfactory explanation of the observed γ-ray data from outer space. This conclusion can change if (a) future observations lead to drastic revision of the data used by us, including shapes of distributions, or (b) a robust alternate explanation, possibly based on undetected astrophysical sources, is found for the extra-terrestrial data sets, or (c) much better fits for the MSSM emerge from observation of numerous other stellar objects, compared to which the presently used data get 'weighted out'.
Summary and conclusions
We have analysed extra-terrestrial γ-ray data with special emphasis on the excess flux within a specific ROI around the GC, which corresponds to 2 • < |b| < 20 • and |l| < 20 • , b and l being the galactic latitude and longitude. The excess, mostly in the energy band 1 -10 GeV, is fitted for four representative kinds of MSSM spectrum. The constraints from all lowenergy and collider data are used, along with the limits from direct DM search experiments. Consistency with observations of Reticulum II and M31 is also maintained in the analysis. We also apply the requirement that the lower limit (modulo theoretical uncertainties) on the relic density be satisfied by MSSM contributions, since otherwise the minimality of the model is lost. It is found that the best fit to the data is offered by a scenario with |M 1 | constrained around 100 GeV, µ in the range 110 -125 GeV and tan β = 20 and m A in the range 450 -550 GeV. A light stop scenario corresponding to tan β = 50 emerges as the second best candidate, where the lighter stop mass is close to 300 GeV and the χ 0 1 is around 180 GeV. The lower limit on the relic density has a significant role in curving out 2σ regions in the above parameter regions.
However, if the fits are carried out blindly to direct search constraint, then the 2σ regions thus obtained are completely gone, indicating that the region presented after the 'complete fit' is not even a part of the original outcome of an impartial analysis of the GC γ-ray data. The situation is not so contradictory for the light stop region, but it corresponds to a distinctly worse fit that the first case, as is reflected by χ 2 min and the p-values for the two cases. Drawing a parallel with somewhat similar situations in the search for the Higgs boson in the standard electroweak model, the MSSM is found to offer a somewhat unsatisfactory fit for GC γ-rays, unlike the standard model which fits Higgs-related data rather well.
Before we end, let us re-emphasize an important point that has been already mentioned, namely, that galactic centre excess can be due to other astrophysical sources such as millisecond pulsars (MSPs). This, we re-iterate, is still an open issue. While one may try to interpret the available evidences either in terms of DM annihilation as a possible explanation or perhaps in terms of astrophysical objects like MSPs, we show that the most common and economical DM explanation, namely, that in terms of the MSSM, is fraught with difficulties. It should also be noted that not allowing under-abundance is but one component of this demonstration, a crucial component being the shape of the GC spectrum itself. This becomes obvious when one looks at Table 4 where the statistical significance for the best MSSM scenario even without the relic density lower bound constraint is displayed. Even if under-abundance is allowed, the relative statistical insignificance of the MSSM explanation, as compared with the explanation of the Higgs data in terms of the standard electroweak theory, is something to take serious note of. Such unsatisfactory p-values as have been obtained by us are again due to the difficulty in matching the shape, while ensuring consistency with laboratory constraints on the MSSM, and the inescapable dynamics of the spectra that survive such constraints.
